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E-glass/polyester composite and layered corrugated aluminium and aluminium foam core sandwich panels were projectile
impact tested between 127 m/s and 190 m/s using a hardened steel sphere projectile. The corrugated aluminium cores,
constructed from aluminium fin layers and aluminium interlayers and face sheets, exhibited relatively lower-plateau stresses
and higher stress oscillations in the plateau region than aluminium foam cores. The applied brazing process resulted
in reductions in the plateau stresses of the corrugated aluminium cores. The sandwich panels with 2- and 3-mm-thick
composite face sheets and the epoxy-bonded corrugated aluminium sheet cores were perforated, while the sandwich panels
with 5-mm-thick composite face sheets were penetrated in the projectile impact tests. On the other hand, the sandwich panels
with aluminium foam cores were only penetrated. A simple comparison between the ballistic limits of the sandwich panels
as a function of total weight revealed significant increases in the ballistic limits of the cores with the inclusion of composite
face sheets. The determined higher impact resistance of the foam core sandwich panels was attributed to the relatively higher
strength of the foam cores investigated and the ability to distribute the incident impulse to a relatively large area of the
backing composite plate.
Keywords: sandwich panels; corrugated aluminium; aluminium foam; projectile impact
1. Introduction
The sandwich panels based on fiber-reinforced composites
and/or sheet metals have become increasingly important in
designing light-weight structures. Typical applications in-
clude the structural parts in airplanes, automobiles, ships,
wind turbines and bridges. A sandwich panel compromises
a light-weight core and a hard facing layer usually made of
a fiber-reinforced composite and/or a sheet metal. The core
provides stiffness to the panel and absorbs the deformation
energy under impulse loading. The distinguished physical
and mechanical properties of aluminium closed-cell foams,
including low density, progressive folding until about large
strains, relatively constant and/or slowly increasing plateau
stresses and deformation energy absorption capabilities
[2,5,7], make them very suitable core materials for sand-
wich panel construction. Hou et al. [9] investigated the
quasi-static and impact responses of a Cymat closed-cell
aluminium foam sandwich panel against flat, hemispher-
ical and conical stainless steel projectiles. The dynamic
perforation energy of the sandwich panel was shown higher
than the quasi-static perforation energy. Thicker face sheets
and cores resulted in higher ballistic limits and larger de-
lamination areas between the core and the rear face, while
blunter projectiles resulted in larger petalling area and
tended to increase the ballistic limits and energy dissipation.
∗Corresponding author. Email: mustafaguden@iyte.edu.tr
Reyes-Villanueva and Cantwell [15] studied the impact re-
sponse of Alporas closed-cell aluminium foam core sand-
wich panels with unidirectional glass fiber/polypropylene
and stacked (hybrid) glass fiber/polypropylene composite
and aluminium 2024T3 face sheets. Hybrid sandwich pan-
els were shown to exhibit higher specific perforation ener-
gies than plain composite sandwich panels. Hanssen et al.
[8] applied experimental and numerical bird-strike tests on
aluminium foam sandwich panels.
Light-weight corrugated structures offer a variety of ge-
ometries and have several important advantages over metal
foams, including regular and homogeneous cellular struc-
ture providing a higher level of reliability in structural ap-
plications and ease of processing into intricate geometries.
Liang et al. [11] analysed the effect of certain geometrical
parameters on the buckling and axial strength of corru-
gated sandwich panels subjected to a uniformly distributed
pressure pulse. McShane et al. [12] and Rathburn et al.
[14] investigated the dynamic impact response of square
honeycomb core sandwich plates against aluminium foam
projectiles. Square honeycomb cores were shown to ex-
hibit smaller displacements than the equal-mass solid steel
beams. It was also reported that the dynamic strengths of
honeycomb cores exceeded the quasi-static strengths by a
factor of 2–4. Tilbrook et al. [19] investigated the front- and
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Figure 1. (a) Corrugated aluminium sheet layer and (b) 3D model.
rear-face stresses of dynamically compressed corrugated
and Y-frame cores using a modified impact test in a split
Hopkinson pressure bar. The micro-inertial stabilisation of
both topologies against elastic buckling was observed un-
til about 30 m s−1, while at increasing displacement rates,
the front-face stress increased and the rear-face stress re-
mained constant. Rubino et al. [16,17] investigated the im-
pact response of fully clamped 304 stainless Y-frame and
corrugated core sandwich panels of equal areal mass. The
sandwich panels were perforated at higher projectile ve-
locities, while monolithic plates remained intact within the
studied projectile velocities. Monolithic plates also showed
larger deflections than sandwich panels. Radford et al.
[13] studied the dynamic response of end-clamped mono-
lithic stainless steel and austenitic stainless steel sandwich
beams against metal foam projectiles. Sandwich beams ex-
hibited higher shock loading resistance than monolithic
beams at the same mass and equal projectile incident
momentum.
Despite quite a number of studies on the projectile im-
pact behavior of corrugated aluminium sandwich panels, no
comparison has been made between the impact responses
of layered corrugated aluminium and aluminium foam core
sandwich panels. In this study, E-glass/polyester compos-
ite/layered corrugated aluminium and aluminium foam core
sandwich panels and the monolithic composite plates and
cores were projectile impact tested using a spherical steel
projectile at similar impact velocities. The responses of cor-
rugated aluminium and aluminium foam sandwich panels
and monolithic face sheets and cores were compared based
on the impact damage and the ballistic limits as a function
of total weight.
2. Materials
2.1. Composite plates
E-glass woven fabric (Metyx)/Crystic PAX 702 polyester
composites face sheets, in 2-, 3- and 5-mm thicknesses with
0◦/90◦ fiber orientations and 0.6 fiber volume fraction were
prepared using a vacuum-assisted resin transfer moulding
(VARTM). Methyl ethyl ketone peroxide was used as hard-
ener with an amount of 2 wt%.
2.2. Cores
The corrugated aluminium core panels were constructed by
stacking (i) trapezoidal corrugated aluminium sheets (fin
layer), (ii) aluminium sheet interlayers and (iii) aluminium
face sheets. Corrugated 1050H14 aluminium sheets shown
in Figure 1(a) and (b) are currently used in conventional
heat exchangers andwere received from a local radiator fac-
tory. These sheets (layers) were produced through a sheet-
forming process in which a paired punch and die tools
deform aluminium sheets into regular trapezoidal shapes,
leading to highly flexible structures. It should be noted that
the investigated fin geometries are optimised for heat trans-
fer, not for deformation energy absorption. The corrugated
aluminium core panels were assembled by means of epoxy
bonding and brazing. Before brazing, the assembly passed
through a cleaning and fluxing process. The brazing was
performed at 600◦C (10 min) using an aluminium 4343
alloy (6.8–8.2 wt%) as filler. The model structures of the
corrugated core and the unit fin are shown Figure 2. Corru-
gated core panels constructed from 9-mm-thick fin sheets
(Figure 2) were called as big fin corrugated panel and were
assembled by means of epoxy bonding and brazing. The
brazed big fin core panels (relative density = 0.13) were
made of 3003 aluminium face sheets and 1050H14 alu-
minium interlayers, while epoxy-bonded big fin core pan-
els (relative density = 0.12) were made of 1050H14 face
sheets and 1050H14 interlayers. Small fin corrugated core
panels were constructed using 4-mm-thick fin sheets (rela-
tive density= 0.24) and assembled by brazing. These cores
were made of 1050H14 aluminium face sheets and inter-
layers. Both big and small fin corrugated cores comprised
seven corrugated sheets (0.135-mm-thick), six interlayer
sheets (0.5-mm-thick) and two aluminium face sheets (2-
mm-thick), as depicted in the figure. The weights of the
brazed big and small fin corrugated core panels (200 ×
200 mm2) were 1025 and 925 g, respectively. The weight
of epoxy-bonded big fin corrugated core panels (200 ×
200 mm2) was approximately 800 g, lighter than the brazed
counterparts.
Alulight AlSi10 closed-cell foam panels (625 × 625 ×
30mm3) were received in two densities: 297 and 405 kg/m3,
corresponding to 0.11 and 0.15 relative densities,
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Figure 2. Two-dimensional model and layer structure of corrugated aluminium core and unit fin strucuture.
respectively. The foam cores for sandwich panel construc-
tion and impact testing were cut in 200 × 200 mm2 cross-
section from the as-received panels. Detailed information
about the compression properties of the investigated alu-
minium foams and tension properties of 1050H14 alloy are
given elsewhere [20].
2.3. Sandwich panels
Corrugated aluminium sandwich panels were constructed
using epoxy-bonded big fin corrugated aluminium core
panels (Figure 3(a)). The composite face sheetswere epoxy-
bonded to the faces of corrugated aluminium core panels
under a 20-kg weight for 2 h. The prepared big fin corru-
gated aluminium core panel and the composite sandwich
panel with 5-mm-thick composite face sheets are shown
in Figure 3(a) and (b), respectively. The thicknesses of big
fin corrugated aluminium sandwich panels with 2-, 3- and
5-mm-thick composite face sheets were 74, 76 and 80 mm,
respectively.
Aluminium foam composite sandwich panels with 0.11
and 0.15 relative densities were prepared by VARTM. In
this process, face sheets fabrics and aluminium core were
resin-infiltrated in a single steep, as depicted in Figure 4(a).
The thickness of aluminium foam sandwich panels with 2-,
3- and 5-mm-thick composite face sheets were 34, 36 and
40 mm, respectively. The prepared foam sandwich panels
are shown in Figure 4(b). Since the surfaces of the foam
cores were covered with a dense skin layer, no resin infil-
tration occurred during VARTM through the interior of the
foam cores.
Figure 3. (a) Big fin corrugated aluminium core panel and (b) big fin corrugated aluminium composite sandwich panel.
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Figure 4. (a) VARTM set-up and (b) composite sandwich panels with aluminium foam core.
3. Experimental
3.1. Quasi-static testing of composite face sheets
and cores
E-glass/polyester composite tensile test samples were pre-
pared in accordance with the ASTM 3039M standard [18].
The width, length and thickness of the test samples were
25, 250 and 2.5 mm, respectively. Tests were performed
using a Shimadzu universal displacement controlled test
machine at a crosshead speed of 2 mm/min through warp
and weft directions. A video extensometer connected to the
test machine was used to measure axial strain.
The compression testing of cores were performed using
rectangular test samples; the sizes of the tested samples
were sequentially 50× 50× 70mm3 and 50× 50× 32mm3
for big fin (Figure 5(a)) and small fin corrugated aluminium
and 50× 50× 30 mm3 for aluminium foam (Figures 5(b)).
Compression tests were performed at a strain rate of 1 ×
10−3 s−1. At least three tensile or compression tests were
performed on each group of samples.
3.2. Projectile impact testing of face sheets, cores
and sandwich panels
The projectile impact tests on composite plates, corrugated
aluminium and foam core panels and composite sandwich
panelswere performed using a pneumatic gas gun assembly,
as shown in Figure 6(a). The gas gun assembly consisted
of a pressure vessel, triggering valve, sabot, gun barrel
and target chamber. The projectile was guided in the gun
barrel bymeans of a polyurethane foam sabot (18 g) (Figure
6(a)). The pressure vessel fired the projectile against the
target, which was clamped on the target frame inside the
target chamber (Figure 6(b)). The incident and residual
projectile velocities were measured with the laser barriers
in the target chamber (Figure 6(c)). The projectile was a
hardened steel sphere, 30 mm in diameter and 110 g in
weight. The incident projectile velocities were altered with
the pressure of the vessel and ranged between 127 m/s and
190 m/s. The ballistic limit (V b) of the tested plates and
panels was calculated by assuming all kinetic energy loss
Figure 5. Compression tests samples: (a) corrugated aluminium and (b) aluminium foam.
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Figure 6. (a) Projectile impact test set-up, (b) target frame and (c) laser barriers.
of the projectile dissipated by the panel as [10]
Vb =
√
V 2i − V 2r (1)
where V i and V r are the incident and residual velocity of
projectile, respectively.
Broadly, six groups of materials were projectile impact
tested: (i) composite face plates, 2-, 3- and 5-mm thick, (ii)
brazed big and small fin corrugated aluminium core panels,
(iii) epoxy-bonded big fin corrugated aluminium core pan-
els, (iv) 0.15 relative density aluminium foam core panels,
(v) epoxy-bonded big fin corrugated aluminium core/2-, 3-
and 5-mm-thick composite face sheet sandwich planes and
(vi) 0.11 and 0.15 relative density aluminium foam core/2-,
3- and 5-mm-thick composite face sheet sandwich panels.
The tested target plates/panels had the same cross-sectional
area, 200 × 200 mm2.
4. Results and discussion
The quasi-static tensile stress–strain curves of the pre-
pared composite plates in warp and weft directions are
very similar, as shown in Figure 7(a). The average quasi-
static tensile strength, elastic modulus and tensile failure
strain were determined as 410MPa, 16 GPa and 0.0247, re-
spectively. Similar tensile strength and failure strain values,
496 MPa and 0.02, were previously reported for a simi-
lar E-glass/polyester composite with a slightly higher fiber
volume fraction [4]. The macroscopic damage mechanisms
(not shown here) were observed to be matrix cracking, lo-
calised warp fiber fracture, weft fiber pull-out and delami-
nation along the middle plies.
The compressive stress–strain curves of brazed small
fin and big fin corrugated aluminium cores are shown in
Figure 7(b). As observed from Figure 7(b), brazed small fin
corrugated cores exhibit relatively higher collapse stresses
than brazed big fin corrugated cores (the collapse stresses
were determined by the proportional limit). The reduced
fin height and higher relative density of small fin cor-
rugated cores induce relatively higher collapse stresses
than in the case of big fin corrugated cores. It is fur-
ther noted that the difference in the stress values be-
tween individual compressions tests are also very simi-
lar, proving relatively homogeneous structures of the tested
cores. The effect of epoxy bonding on the compression
stress–strain curve of big fin corrugated cores is further
shown in Figure 7(c); the epoxy bonding of the layers
in cores increases both collapse and plateau stresses, but
decreases the densification strain slightly. Relatively low-
plateau stresses experienced by the brazed corrugated cores
result from the annealing of the corrugated aluminium
fin sheets, interlayers and face sheets during the brazing
process.
The quasi-static compression stress–strain curves of
Alulight aluminium foam cores are shown in Figure 7(d).
The curves exhibit the characteristics metallic foam defor-
mation behavior, comprising three different deformation
regions: (i) linear elastic, (ii) plateau and (iii) rapidly in-
creasing stress (densification) region [1]. In the plateau re-
gion, the stress is noted to increase with increasing strain,
an effect that is attributed to the density gradient of the
foam structure [3].
For comparison, the compressionmechanical properties
of the corrugated aluminium and aluminium foam cores are
tabulated in Table 1. It is noted in the same table that the
collapse stress and elastic modulus values of corrugated
aluminium foam cores increase with increasing relative
density. It is also noted that corrugated aluminium cores
experience relatively higher stress oscillations than alu-
minium foam cores in the plateau region of the compression
stress–strain curves. Furthermore, the densification regions
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Figure 7. (a) Tensile stress–strain curves of composite plates and compression stress–strain curves of (b) brazed big and small fin
corrugated aluminium, (c) epoxy-bonded and brazed big fin corrugated aluminium and (d) Alulight foam cores.
are relatively well defined in the stress–strain curves of cor-
rugated aluminium cores, starting after about 0.6 strain, as
compared with those of aluminium foam cores. A notice-
able difference in the compression deformation behavior
between brazed and epoxy-bonded corrugated cores is ob-
served in the recovered samples after compression testing
until about relatively large strains (0.8) in the densification
region. Brazed corrugated core fin layers shown in Figure
8(a) are completely compressed until about densification,
without any fracture and detachments of individual sheet
layers. A detailed visual inspection of recovered epoxy-
bonded tested sample compressed into densification, how-
ever, shows brittle fracture of the thin epoxy layer between
the sheet layers and accompanying fracture of fin layers,
Table 1. Compressive mechanical property of corrugated aluminium and foam cores.
Material
Density
(kg/m3)
Collapse
stress (MPa)
Modulus
(GPa)
Plateau
stress (MPa) Densification strain
Brazed small fin (0.24) 656 0.46 0.055 0.15 0.56
Brazed big fin (0.13) 361 0.18 0.038 0.027 0.65
Epoxy-bonded big fin (0.12) 327 0.6 0.049 0.15 0.62
Aluminium foam (0.15) 405 2.4 0.13 — 0.79
Aluminium foam (0.11) 297 1.11 0.06 — 0.85
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Figure 8. (a) Brazed and (b) epoxy-bonded big fin corrugated aluminium cores recovered after compression testing until about 0.8 strain.
leading to the detachments of the crushed fin and interlay-
ers (Figure 8(b)).
The ballistic limits of E-glass/Polyester composite
plates, aluminium foam and corrugated aluminium core
panels and sandwich panels as a function of total plate/panel
weights are shown together in Figure 9. The ballistic limits
of the composite plates vary between 118 m/s and 143 m/s
and increase with the increasing thickness-to-weight ra-
tio of the composite plate: ellipse A in Figure 9. Within
the investigated composite plate thickness range, nearly a
linear increase in the ballistic limit with thickness is fur-
ther detected (Figure 9). The mean ballistic limit is deter-
mined 123 m/s for 2-mm-thick, 133 m/s for 3-mm-thick
and 136 mm/s for 5-mm-thick composite plates.
The ballistic limits of the tested corrugated and foam
core panels vary around 125 m/s, depicted in Figure 9 (el-
lipse B). Although, the ballistic limits of the brazed and
epoxy-bonded big fin corrugated aluminium core panels
are very much similar, brazed corrugated core panels are
Figure 9. Variation of the ballistic limits composite plates, foam
and corrugated aluminium core panels and corrugated aluminium
and foam sandwich panels with total weight.
nearly 30% heavier than epoxy-bonded counterparts at the
same numbers of fin layers and thicknesses.
Big fin corrugated core sandwich panels with 2- and
3-mm-thick composite face sheets were perforated (ellipse
C in Figure 9), but the corrugated core panels with 5-mm-
thick composite face sheets exhibited partial penetration at
the same projectile velocity. The ballistic limit of epoxy-
bonded big fin corrugated panels increases from 130 m/s
without face sheets to 152 and 163 m/s with 2- and 3-mm-
thick face sheets, respectively. The increase in the ballistic
limits of big fin corrugated core sandwich panelswith 2- and
3-mm-thick composite face sheets is 17% and 25%, while
the weight increase is 9% and 25%, respectively. Compar-
ing the gains in the ballistic limits and weights, the thinner
face sheets seems to bemore advantageous than thicker face
sheets in corrugated core sandwich panels. The tested alu-
minium foam sandwich panels with 2-, 3- and 5-mm-thick
composite face sheets showed no perforation until about
190 m/s impact velocities: the panels were only penetrated.
Figure 10(a)–(f) shows sequentially the front and rear
face of projectile impact-tested 2-, 3- and 5-mm-thick com-
posite plates. Although the damage types in the composite
plates of different thicknesses are very much similar, the
visible damage at the impact zone is seen to increase as
the thicknesses, and hence the ballistic limits, of the com-
posite plates increase. It is further noted in Figure 10(a)–(f)
that the delamination type damage is intensified at the back
surface. The greater rear-face delamination of the glass
fiber composite targets was previously observed for rela-
tively large blunt projectile diameters [6]. Similar to pre-
vious studies on similar composite structures [4,6,10], the
major damage mechanisms involved in the projectile im-
pact testing of the composite plates were delamination and
fiber breakage.
Figure 11(a) and (b) shows the cross-section of recov-
ered small and big fin corrugated cores after projectile im-
pact test, respectively. In big fin and small fin corrugated
aluminium core panels, fin folding localised at the first
couple of layers around the impact zone. It is also seen that
the rear face of small fin corrugated core panel is delami-
nated during projectile impact test (Figure 11(a)), signaling
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Figure 10. Front and rear faces of composite plates after projectile impact testing: (a) and (b) 2-mm-thick, (c) and (d) 3-mm-thick, and
(e) and (f) 5-mm-thick composite plates.
a higher magnitude of the reflected tensile stress waves in
small fin corrugated core panels.
Figure 12(a)–(f) shows sequentially the front and rear
composite faces of the projectile impact tested big fin corru-
gated core sandwich panels. The visible damage regions on
the front and rear composite face sheets (Figure 12(a)–(f))
are seen to decrease as compared with those of same thick-
ness monolithic composite plates (Figure 10(a)–(f)). For
comparison, the cross-sectional views of the tested cor-
rugated aluminium and aluminium foam composite sand-
wich panels are shown together in Figure 13(a)–(f). It is
noted in that as the thickness of the composite face sheet
increases, the compression deformation of corrugated alu-
minium and foam core increases in the impacted side. This
D
ow
nl
oa
de
d 
by
 [I
zm
ir 
Yu
ks
ek
 T
ek
no
log
i E
ns
tit
us
u]
 at
 09
:26
 22
 M
arc
h 2
01
3 
516 I˙.K. Odacı et al.
Figure 11. Cross-section of (a) small and (b) big fin corrugated aluminium core panels after projectile impact test.
Figure 12. Front and rear faces of the corrugated aluminium composite sandwich panels with (a) and (b) 2-mm-thick, (c) and (d)
3-mm-thick, and (e) and (f) 5-mm-thick composite face sheet panels.
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Figure 13. Cross-sectional views of corrugated aluminium core and aluminium foam core sandwich panels with (a) and (b) 2-mm-thick,
(c) and (d) 3-mm-thick, and (e) and (f) 5-mm-thick composite face sheets.
is clearly observable from Figure 13(e) and (f): the pro-
jectile locally indents and compresses completely the front
side of the corrugated aluminium and foam core in the
sandwich panel with 5-mm-thick composite face sheets.
Previous investigations showed that as the thickness of the
face sheet increased, a compressive type of failure of the
aluminium foam core appeared [15]. It was presumed that
the increased flexural stiffness of the composites with in-
creasing thickness increased the force required to perforate
the composite laminate, resulting in greater crushing of the
aluminium corrugated and foam core.
A close analysis of the back impact surfaces of the
cores in Figure 14(a) and (b) reveals a larger damage zone
formation in the aluminium foam core sandwich panels.
At the rear face of the aluminium foam core, the cracks
emanating from the central part and propagating to edge
of the core are clearly seen. The foam core distributes the
incoming projectile momentum to a relatively larger area,
leading to reduced pressure on the backing composite plate.
The cracking and forming a plug of the foamcore at the back
surface is further attributed to the brittle nature of the foam
core. Almost similar observations are seen in foam core
sandwich panels with different thicknesses of composite
face sheets.
The results of preliminary investigation on corrugated
aluminium and aluminium foam core composite sandwich
panels reveal that the aluminium foam core provides higher
resistance than corrugated aluminium cores in the sandwich
Figure 14. Back surface of a 3-mm-thick face sheet sandwich panel after projectile impact testing: (a) big fin corrugated core sandwich
panel and (b) 0.15 relative density aluminium foam core sandwich panel (after removing rear composite face sheets).
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panels against projectile impact at similar weights. This is
partly due to the higher strength of foam aluminium alloy
AlSi10 than aluminium alloy 1050 used to construct corru-
gated aluminium, leading to increased energy absorption.
A further study would be the comparison of corrugated
and foam cores with similar collapse stresses. Besides, the
thickness of sheet layer and the geometry of corrugated fin
layer are expected to affect the impact response of corru-
gated structures and a parametric optimisation schedule is
certainly needed.
5. Conclusions
E-glass/polyester composite and corrugated aluminium and
aluminium foam core sandwich panels were projectile im-
pact tested between 127 m/s and 190 m/s impact veloci-
ties using a hardened steel sphere projectile. Quasi-static
compression tests showed that corrugated aluminium cores
exhibited lower-plateau stresses and higher oscillations in
the plateau region than aluminium foam cores. The tested
composite plates in 2-, 3- and 5-mm thickness and epoxy-
bonded big fin corrugated sandwiches panels, except 5-
mm-thick composite sandwich panels, were perforated in
projectile impact test. The tested aluminium foam sandwich
panels showed partial penetration. A comparison based on
the ballistic limits as a function of total weight showed that
the insertion of composite face sheets increased the ballistic
limits of corrugated aluminium and aluminium foam cores
without significantly increasing the weight. The aluminium
foam core provided higher resistance than corrugated alu-
minium cores in the sandwich panels against projectile im-
pact at similar weights. This was attributed to the relatively
higher strength of the foams investigated and the ability of
distributing the incident impulse to a relatively large area
in the backing composite plate.
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